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The perivascular sympathetic innervation of the circle was also investigated in 9 dogs using the Schultz silver impregnation method.
The following results were obtained. 1) The circle was entirely closed in all specimens.
2) The basic shape and variations of the circle were briefly as follows.
(i) The connected shape of the bilateral anterior cerebral arteries could be classified into three types?having a common trunk (87.3%) , having a single anterior communicating artery (9.1%) and having a double anterior communicating artery (3.6%).
(ii) Asymmetry of the diameter of the anterior cerebral artery was found in 14.5%. (iii) Button-hole formation was observed in 1 case (1.8%) in the posterior part of the circle on each side.
3) The patterns of divergence of the main cerebral arteries which arose from the circle were as follows.
(i) The divergent patterns of the internal carotid artery could be classified into five types.
The most general was a pattern which first gave off the posterior communicating artery, and secondly divided into the middle and anterior cerebral arteries. Such cases were found in 85.5% on the right side and 81.8% on the left. (ii) The position of origin of the anterior choroidal artery was from any of three arteries-the middle cerebral (right: 69.1%, left: 67.3%), the posterior communicating (right: 20.0%, left: 23.6%) and the internal carotid artery (right: 10.9%, left: 9.1%). (iii) Double posterior cerebral and anterior: cerebellar arteries were found in 1.8% on the left side for the former and in 1.8% on each side for the latter.
4) The diameters of the main cerebral arteries were measured in 50 dogs and a comparison was made of the diameters of the vessels on the right side with those on the left.
In the dog, the diameter of the terminal branch of the basilar artery was slightly larger than that of the posterior communicating artery in 86.0% on the riright side and 94.0% on the left. 5) A correlation existed between the diameter of the posterior cerebral artery and that of the posterior communicating artery, and between the diameter of the pasterior cerebral artery and that of the terminal branch of the basilar artery.
6) The posterior cerebral artery was found to be innervated not by the sympa- Numerous descriptions of the brain arteries and circle of Willis have been given for many mammals including man. However, few reports exist on the circle of Willis in dogs, so there is still ample room for further research.
The principal aims of this paper are : 1) to elucidate the detailed anatomical structure and variations of the dog circle, 2) to measure the component arteries, and 3) to describe the sympathetic innervation.
Materials and Methods
Sixty-f our dogs were used. Acrylic resin was injected via the bilateral common carotid arteries in 55 cases. After injection, the heads were placed in 30% KOH solution to remove the soft tissues. The circle of Willis was removed from the other 9 dogs and immediately fixed in neutral formalin solution for 4 weeks. The circles were stained by the Schultz silver impregnation method. For reference, the circles of 40 human brains were also investigated.
Observations I. Anatomical structure and variations in the cerebral arterial circle. The component arteries of the cerebral arterial circle comprise the anterior cerebral and middle cerebral arteries in the anterior part, which are cranial divisions of the internal carotid artery ; the posterior communicating and posterior cerebral arteries in the lateral part, which are caudal divisions of the internal carotid artery ; and the terminal branch of the basilar artery and of the anterior cerebellar artery in the posterior part of the circle. In all the present specimens (55), the circle was entirely closed (Text- Fig. 1, Figs. 1-6) The variations in shape of the circle were classified into three types, as indicated in Fig. la-g .
The first was divided into three patterns according to the connected shape of tne bilateral anterior cerebral arteries.
In the first pattern, the most normal shape, the anterior cerebral artries on both sides formed a common trunk (48 of 55 cases ; 87.3%) (Text- Fig.  la, Fig. 1 ). In the second pattern, the bilateral anterior cerebral arteries were connected by a single anterior communicating artery (5 cases ; 9.1%) (Text- Fig.  lb, Fig. 2 ). The third pattern possesed double anterior communicating arteries or formed an island between the left and right anterior cerebral arteries (2 cases ; 3.6%) (Text- Fig. lc, Fig. 3 ).
The second type of variation in the anterior cerebral artery was a remarkable unilateral regression-asymmetry of the anterior cerebral artery.
Such cases were observed in 8 (14.5%) of the 55 specimens (Fig. 4) . In 5 cases (9.1%), the anterior cerebral artery on the left side was thicker than that on the right (Text- The third variation was an island like a button-hole near the position of origin of the posterior cerebral artery in the posterior part of the circle. Such cases were found in 4 (7.3%) of the 55 specimens-2 specimens on each side (Text- Fig. if and 1g, Fig. 6 ).
Many vascular variations exist in the ramifications or patterns of divergence of In the first type, the most common, the internal carotid artery firstly gave off the posterior communicating artery, and secondly divided into the anterior cerebral and middle cerebral arteries.
Such cases were found in 47 specimens (85.5%) on the right side (Text- Fig. 1h ) and 45 specimens (81.8%) on the left (Text- Fig. 10 . The second type was not infrequently recognized.
Here, the internal carotid artery from the proximal to the distal portion ramified into the posterior communicating and anterior choroidal arteries, and then separated into the anterior cerebral and middle cerebral arteries. Such cases were found in 6 specimens (10.9%) on the right side (Text- Fig. 1j ) and 5 specimens (9.1%) on the left (Text- Fig. 1k ). In the third type, which was rarely found, the internal carotid artery firstly gave off the anterior cerebral artery and secondly branched into the middle cerebral and posterior communicating arteries.
Such cases were observed in 2 specimens (3.6%) on the right side (Text- Fig. 11 ) and 3 specimens (5.5%) on the left (Text- Fig. 1m ). The fourth and fifth types represented the rarest variations, each of which was found in one specimen (1.8%) on the left side. In the fourth type, the internal carotid artery diverged into three channels at the same level-the anterior cerebral, middle cerebral and posterior communicating arteries (Text- Fig. 1n ). In the fifth type, it gave off from its proximal to distal portion the posterior communicating and internal ophthalmic arteries, and ramified into the anterior cerebral and middle cerebral arteries (Text- Fig. lo) .
The position of origin of the anterior choroidal artery also showed many variations like the internal carotid artery. It originated from one of three arteries : the middle cerebral, the posterior communicating or the internal carotid artery. The first type, originating 2-3 mm distal from the origin of the middle cerebral artery, was observed in 38 specimens 
II. Measurements
of the main cerebral arteries in the basal region. The diameters of the arteries constituting the circle and originating from it were measured at their porximal portions in 50 specimens.
The arteries surveyed were as follows : the internal carotid (the diameter being measured at the divergent portion of the cerebral arteries on the lateral side of the hypophysis), the vertebral (the diameter being measured at the proximal portion originating from the subclavian artery), the basilar (the diameter being measured at the portion bifurcating to the bilateral terminal branch of the basilar artery), the anterior cerebellar, the posterior cerebral, the posterior communicating, the middle cerebral, the anterior choroidal, the internal ophthalmic, the internal ethmoidal, the anterior cerebral, the common trunk of the anterior cerebral artery, the anterior communi-cating and the cerebrospinal artery. A comparison of the values for the diameters of the arteries on the right side with those on the left is given in Table 1 . With the exception of the internal ethmoidal artery, the values for the diameters of all arteries on the left side were higher than those for the arteries on the right.
In particular, the diameters of the posterior communicating and the middle cerebral artery on the left side were about 4 times those on the right. Arteries of the same diameter on both sides amounted to from 10 to 26%. The percentage of ill specimens represents cases in which the arteries on both sides could not be compared because the con.-tralateral artery was injured. Table 2 gives average values for the diameters of the main cerebral arteries. The data indicate that the diameter of the internal ethmoidal artery on the right side was larger than that on the left, as in Table 1. A comparison was made between the individual diameters of the posterior communicating artery and those of the terminal branch of the basilar artery, in order to study the stream of blood flowing into the posterior cerebral artery.
A correlation between the posterior cerebral artery and the two above arteries was then undertaken to assess whether the diameter of the posterior cerebral artery is affected by the terminal branch of the brsilar artery or by the posterior communicating artery. Table 3 lists the mearured values of the individual diameters of the terminal branch of the basilar artery, the posterior cerebral artery and the posterior communicating artery in 50 specimens. The diameter of the posterior communicating artery was larger than that of the terminal branch of the basilar artery in 1 specimen (2.0%) on the right side and in 2 specimens (4.0%) on the left. These two arteries were of the same size in 4 specimens (8.0%) on the right side and 1 specimen (2.0%) on the left. In 2 specimens (4.0%), they could not be compared because of injury on the right side. In all other specimens, i.e. 43 speci- The value in parentheses shows the individual minimum and maximum value. Table 3 . The measured value of the terminal branch of the basilar artery, the posterior communicating and the posterior cerebral artery in the dog (cm) . mens (86.0%) on the right side and 47 specimens (94.0%) on the left, the diameter of the terminal branch of the basilar artery was larger than that of the posterior communicating artery.
On the whole, the diameter of the terminal branch of the basilar artery was larger than that of the posterior communicating artery on both sides. The difference ranged from 0.005 cm to 0.060 cm, with a mean of 0.028 cm on the right side and 0.025 cm on the left. In the specimens in which the diameter of the posterior communicating artery was larger than that of the terminal branch of the basilar artery, the difference ranged from 0.010 cm to 0.020 cm with a mean of 0.015 cm.
In the 50 investigated dogs, a correlation Table 4 . In the case of man, the difference in the diameters of Table 4 . The measured value of the diameter of the terminal branch of the basilar artery, the posterior communicating and the posterior cerebral artery in man (cm) .
these two arteries showed extremely high values compard with those of the dog. That is to sag, the diameter of the terminal branch of the basilar artery was larger than that of the posterior communicating artery in 29 specimens (72.5%) on the right side and 27 cases (67.5%) on the left. In these cases, the difference in diameters of the two arteries ranged from 0.040 cm to 0.260 cm, with a mean of 0.146 cm on the right side and 0.140 cm on the left. The diameter of the posterior communicating artery was larger than that of the terminal branch of the basilar artery in 10 cases (25.0%) on the right side and 12 cases (30.0%) on the left. In these cases, the difference in the arteries ranged from 0.010 cm to 0.210 cm( with an average of 0.096 cm on the right side and 0.102 cm on the left. In one specimen (2.5%), these arteries were of the same size only on the right side.
In the 40 human specimens, a correlation was found between the diameter of the posterior cerebral artery and that of the posterior communicating artery on the right side, and between the diameter of the terminal branch of the basilar artery and that of the posterior cerebral artery on the left. The coefficient of the former correlation was 0.34 and that of the latter was 0.37 with a reliability of 95 to 99%. The diameter of the posterior cerebral artery was not correlated with that of the terminal branch of the basilar artery on the right side. The posterior cerebral artery was not correlated with the posterior communicating artery on the left also.
III. Sympathetic innervation of the circle and the origin of the posterior cerebral artery. The perivascular sympathetic nerve fibers of the vertebral artery originate from the stellate ganglion.
They run in the cranial direction and extend anteriorly accompanying the basilar artery. The plexus of these nerve fibers is distributed to each of the branches of the basilar artery to form a network of loose nerve fibers around the vessels.
These loose nerve fibers which are distributed to the terminal branch of the basilar artery were traced to the anterior cerebellar artery and approached the origin of the posterior cerebral artery, but did not supply the posterior cerebral artery (Text -Fig. 2, Nos.  1-9, Fig. 7) . On the other hand, the sympathetic nerve fibers around the internal carotid artery originate from the superior cervical ganglion.
These fibers supply the anterior cerebral, the middle cerebral and the anterior choroidal artery to form a complex network around these vassels. Each of the filaments anastomoses with contralateral ones at the common trunk of the anterior cerebral artery in the anterior part of the circle. The thick bundle from the intricated network runs backwards, being accompanied by the posterior communicating artery. These fibers supplied the posterior cerebral artery to divide into several fibers near its origin (Text- Fig. 2, Fig. 7) . Moreover, the fibers ran backwards and could be traced to the near portion of the origin of the anterior cerebellar artery (Text- Fig. 2,  Fig. 7) . In 3 cases on the right side (Text -Fig. 2 , Nos. 1-3) and in 6 on the left (Text -Fig. 2 , Nos. 2-5, 7-8) among 9 cases examined on both sides, there was a communication between the terminal nerve fibers from the vertebral plexus and the posterior flows of the perivascular internal carotid plexus (Table 5) .
Discussion
It has been stated by of the rat embryo, by Kaplan & Ford (1966) of the human embryo and by Tanuma (1978) (1975) reported that circles accompanied with variations were found in 87% of 62 human specimens, and variations in the portion of the communicating artery alone were found in 58% of the specimens. A compatison of the shape of the circles examined by the present author with that of circles from other studies is given in Table 6 . In the anterior part of the closed circle, it is generally found that the bilateral anterior cerebral arteries join with the common trunk in the case of polecats, mice and golden-hamsters (Wiland, 1973 (Wiland, , 1976 ; Ueshima & Suenaga, Table 6 . A comparison of the shape in the communicating portions of the cerebral arterial circle and a complete ratio (%).
1972a, b; Firbas et al., 1973). Such a connected pattern, which closes the anterior part of the circle in the anterior communicating artery, has frequently been reported previously in in the dog. In the present study, such cases of a common trunk amounted to 87.3%, although this value was not so high as those of Wiland (94.2%) or Ueshima & Suenaga (89.3%). Moreover, cases possessing the anterior communicating artery amounted to 12.7% in the present study. The value obtained by the author represents a higher ratio than those of Wiland (1.4%) or Ueshima & Suenaga (6.7%). In dogs, the posterior part of the circle shows exceedingly little variation compared to the anterior part. Insofar as the author was able to examine, the value for the variation in the asymmetry of the diameter of the anterior cerebral artery (14.5%) and of the variation in the united shape of the bilateral anterior cerebral arteries (12.7%) in the anterior part of the circle, represented a higher ratio than the value (12.7%) for the variation (Fig. lf, g, v, w) in the posterior part.
It is conjectured from these findings and the descriptions given by many other authors, that animals possessing a strongly developed posterior communicating artery tend to show little variation, whereas such animals as have a tiny posterior communicating artery tend to show much variation in the posterior part of the circle ( Fig. 1 ; Table 6 ).
The present findings for the divergent patterns of the internal carotid artery were approximately in accord with the descriptions of Ueshima & Suenaga. The pattern of divergence in other mammals including man is not so variable as that in the dog. In mammals like man, the monkey, rabbit, cat, goat and ox, it gener-ally agrees with the second type of the dog (see above).
There is much variation in the anterior choroidal artery within the main arteries which arise from the arterial circle. In general, this artery is said to arise from the middle cerebral artery.
A description of its origin in the dog has been given by Ueshima & Suenaga (1972) , Hatta (1936) and Habermehl (1973) . The origin has also been studied in man by Beevor Saeki & Rhoton (1977) . Table 7 gives a comparison of the position of origin of the anterior choroidal artery as studied by the author and by the above-mentioned workers. Although there is more or less variation in the original position of the anterior choroidal artery in man, it generally arises from the internal carotid artery.
In dogs, it arises mostly from the middle cerebral artery (Ueshima & Suenaga : 83.4%, Hatta : 95.0%, Wiland : 93.4%, Tanuma : 68.2%). Cases in which it arises from the posterior communicating and the internal carotid artery are also frequently found, as shown in Table 7 . On the other hand, Habermehl has reported that it ramified from the anterior cerebral artery. The author did not observe such a divergent pattern.
The double posterior cerebral and anterior cerebellar arteries met with each other in 1.8% on the left side, and the double anterior cerebellar arteries also met in 1.8% on the right side. Wiland & Jablonski (1976) have reported that these arteries occur in ruminants as a rule, but they originate with one branch in dogs.
The internal ethmoidal artery derived from the distal part of the anterior cerebral artery.
However, Habermehl (1973) has reported that it does arise from the callosal corporal artery.
The author did not find such a case. Insofar as the author was able to investigate, the frequencies at which the diameters of the arteries on the left side were larger than those of the arteries on the right, showed a high value except in the case of the intecnal ethmoidal artery. However, Stopford (1916) , Nagai (1933) Kondo (1936) reported no such tendency in man.
It is interesting to consider whether the posterior cerebral artery belongs to the vertebral or the internal carotid system functionally or morphologically. It has generally been said in man that the posterior cerebral artery recieves its blood from the vertebral arterial system.
Certainly, the diameter of the terminal branch of the basilar artery in examined human specimens was larger than that of the posterior communicating artery in 72.5% with a mean difference of 0.146 cm on the right side, and in 67.5% with a mean difference of 0.140 cm on the left.
It is clear from the above data that the vessel functionally receives its blood from the vertebral system in man. On the other hand, in the dog, the diameter of the terminal branch of the basilar artery was larger than that of the posterior communicating artery in 86.0% on the right side and in 94.0% on the left. The difference in the diameters of the two arteries averaged 0.028 cm in the former case and 0.025 cm in the latter.
Although in the dog the posterior cerebral artery receives its blood from the vertebral and the internal carotid system, judging from the above facts it is supplied by the vertebral system rather than by the internal carotid system.
It is difficult to say of the dog therefore that it functionally belongs entirely to the vertebral system as in the case of man.
In the 50 investigated dogs, a correlation was observed between the diameter of the posterior cerebral artery and that of the posterior communicating artery, and between the diameter of the posterior cerebral artery and that of the terminal branch of the basilar artery.
However, in the human examined specimens, a correlation was found only between the diameter of the posterior cerebral artery and that of the posterior communicating artery on the right side, and between the diameter of the posterior cerebral artery and that of the terminal branch of the basilar on the left.
The coefficient of correlation in the dog had a higher value than that in the human specimens. Based on the above findings, it is conjectured that the relation between the diameter of the posterior cerebral artery and that of the posterior communicating artery, and between the diameter of the terminal branch of the basilar artery and that of the posterior cerebral artery, is for more stable in the dog than in man.
Recently, the innervation of the cerebral basal arteries has been studied in various regions (Wasano, 1979 Borodulya & Pletchkaea, 1976 . The author investigated the sympathetic innervation of the vessels to clarify the origin of the posterior cerebral artery morphologically.
In 1936, Williams described the perivascular innervation of the cerebral basal arteries of the human brain.
The present results are essentially the same as those of Williams. Namely, the perivascular sympathetic nerve fibers fibers from the superior cervical ganglion are distributed to the lateral and anterior part of the circle which consists of the posterior cerebral, the posterior communicating, the anterior choroidal, the middle cerebral and the anterior cerebral artery.
On the other hand, the sympathetic nerve fibers from the stellate ganglion which run in the cranial direction with the basilar artery can be traced to near the origin of the posterior cerebral artery. Anastomoses are found near the origin of the posterior cerebral artery between the nerve fibers from the stellate ganglion and those from the superior cervical ganglion.
However, the nerve fibers from the stellate ganglion do not reach the posterior cerebral artery. It is generally said that the nerve supply of any tissue follows that tissue from its ontogenic point of origin.
In addition, 
